Misrepair of DNA double-strand breaks produced by the V(D)J recombinase (the RAG1/RAG2 proteins) at immunoglobulin (Ig) and T cell receptor (Tcr) loci has been implicated in pathogenesis of lymphoid malignancies in humans 1 and in mice [2] [3] [4] [5] [6] [7] . Defects in DNA damage response factors such as ataxia telangiectasia mutated (ATM) protein and combined deficiencies in classical non-homologous end joining and p53 predispose to RAG-initiated genomic rearrangements and lymphomagenesis 2-11 . Although we showed previously that RAG1/RAG2 shepherd the broken DNA ends to classical nonhomologous end joining for proper repair 12,13 , roles for the RAG proteins in preserving genomic stability remain poorly defined. Here we show that the RAG2 carboxy (C) terminus, although dispensable for recombination 14, 15 , is critical for maintaining genomic stability. Thymocytes from 'core' Rag2 homozygotes (Rag2 c/c mice) show dramatic disruption of Tcra/d locus integrity. Furthermore, all Rag2 c/c p53 2/2 mice, unlike Rag1 c/c p53 2/2 and p53 2/2 animals, rapidly develop thymic lymphomas bearing complex chromosomal translocations, amplifications and deletions involving the Tcra/d and Igh loci. We also find these features in lymphomas from Atm 2/2 mice. We show that, like ATM-deficiency 3 , core RAG2 severely destabilizes the RAG post-cleavage complex. These results reveal a novel genome guardian role for RAG2 and suggest that similar 'end release/ end persistence' mechanisms underlie genomic instability and lymphomagenesis in Rag2 c/c p53 2/2 and Atm 2/2 mice.
Tumours with highly proliferating lymphoblasts were detected in 4-to 6-week-old Rag2 c/c p53 2/2 thymi, but not in other organs (data not shown), confirming their thymic origin. Rag2 c/c p53 2/2 tumours generally displayed one or a few predominant Db1-Jb1 or Db2-Jb2 rearrangements, indicating a clonal or oligoclonal origin (Supplementary Fig. 3 ).
We next examined genomic stability in lymphomas from Rag2 c/c p53 2/2 mice, first by analysis of Giemsa-stained metaphase spreads prepared from 12 Rag2 c/c p53 2/2 and two p53 2/2 thymic lymphomas (Supplementary Table 1 ). Wild-type thymocytes showed almost no abnormal metaphases (0-3%) ( Supplementary Table 1 ). In contrast, p53 2/2 and Rag2 c/c p53 2/2 tumours harboured a variety of cytogenetic aberrations (aberrant metaphases: 8-94%), including aneuploidy, chromosome breaks and chromosome fusions (Supplementary Table 1 ). We thymocytes. a, Kaplan-Meier tumour-free survival analysis for cohorts of control (wild type, n 5 12; Rag2 c/c , n 5 19), p53 2/2 (n 5 32) and Rag2 c/c p53 2/2 (n 5 25) mice. Animals were monitored for 50 weeks. The average age of death in weeks is shown for p53 2/2 (22.8 weeks) and Rag2 c/c p53 2/2 (12.1 weeks) genotypes with the P value determined by a Wilcoxon rank sum test. b, Tumour spectrum observed for Rag2 c/c p53 2/2 (n 5 25) and p53 2/2 mice (n 5 27). All Rag2 c/c p53 2/2 animals (n 5 25) showed enlarged thymus. p53 2/2 animals showed either enlarged thymus and/or spleen (n 5 18) or other non-lymphoid tumour mass (n 5 9). c, Physical appearance of normal thymus (wild type) and thymic lymphoma (Rag2 c/c p53 2/2 , arrow) of 3-month-old animals.
analysed three Rag2 c/c p53 2/2 thymic lymphomas using spectral (1790T and 1745T) and G-band (1779T) karyotyping (Fig. 2 ). We observed recurrent translocations involving chromosomes that harbour Tcr (chromosomes 14 and 6) and Ig (chromosomes 12, 6 and 16) loci, suggesting that these might have been initiated by RAG-generated breaks. Moreover, all three lymphomas harboured translocations of the Igh locus-containing chromosome 12 and/or the Tcra/d locuscontaining chromosome 14, loci that rearrange in thymocytes 22 . Analysis of lymphoma 1779T revealed a C12;14 translocation ( Fig. 2) . These results suggest that Rag2 c/c p53 2/2 T cell tumours harbour clonal translocations involving the Tcra/d and Igh loci, as seen in T-cell lymphomas from patients with ataxia-telangiectasia and Atm 2/2 mice 7,8,10,11 , rearrangements not observed in p53 2/2 lymphomas 21,23 .
To confirm the involvement of the Tcra/d locus in chromosome translocations, we performed DNA fluorescence in situ hybridization (DNA FISH) analyses on metaphases from Rag2 c/c p53 2/2 thymic lymphomas (2489T and 2805T) using probes centromeric (Tcra/d V) and telomeric (Tcra/d C) to the Tcra/d locus plus a paint for chromosome 14 (Fig. 3a) . In both tumours, breakpoints within the Tcra/d locus of one of the two chromosomes 14 resulted in amplification of the Tcra/d V region (Fig. 3a ). The telomeric fragment (including Tcra/ d C) was either translocated (2489T), or lost (2805T) ( Fig. 3a ). DNA FISH analysis of tumours 1790T and 1779T (from Fig. 2 ) using Tcra/d C and V probes also confirmed translocation of chromosome 14 with breakpoints within the Tcra/d locus, although without obvious amplification ( Supplementary Fig. 4 ).
We next performed DNA FISH on Rag2 c/c p53 2/2 thymic lymphomas 2489T and 2805T using probes centromeric (Igh C) and telomeric (Igh V) to the Igh locus along with a chromosome 12 paint (Fig. 3b ). In both lymphomas, one chromosome 12 showed translocation with another chromosome, with accompanying loss of both Igh C and V signals (Fig. 3b ). This could result from RAG-induced breaks with loss of the telomeric end of the chromosome (including Igh V) and loss of the Igh C region by end degradation before fusion to the partner chromosome, as previously reported in Atm 2/2 mouse T cells 8 .
Moreover, dual chromosome 12 and 14 paint analysis showed a C12;14 translocation in lymphoma 2489T (Fig. 3b) . In contrast to Rag2 c/c p53 2/2 lymphomas, DNA FISH on metaphases from one p53 2/2 thymic lymphoma (6960T) indicated that both Tcra/d and Igh loci were intact ( Supplementary Fig. 5 ), consistent with previous work 21 .
We next performed array-based comparative genomic hybridization (a-CGH) analysis on genomic DNA from five Rag2 c/c p53 2/2 thymic lymphomas (2489T, 2805T, 1348T, 1779T, 1780T). We observed loss or gain of a region within the Tcra/d and Igh loci, reflecting V(D)J recombination ( Supplementary Fig. 6 ). All five Rag2 c/c p53 2/2 lymphomas examined showed substantial amplification of a common region on chromosome 14, centromeric of the Tcra/d locus ( Supplementary Fig. 6a ), in agreement with our FISH analyses ( Fig. 3a ). We also observed loss of a common region on chromosome 12, telomeric of the Igh locus in all five Rag2 c/c p53 2/2 thymic lymphomas analysed ( Supplementary Fig. 6b ). Tumours 1779T, 2489T and 2805 also showed loss of a large region centromeric of the Igh locus, probably reflecting DNA-end degradation before fusion to the partner chromosome (Figs 2 and 3a, b and Supplementary Fig. 6b ). In contrast, aCGH analysis of p53 2/2 thymic lymphoma 6960T failed to reveal amplification centromeric to the Tcra/d locus or deletion telomeric to the Igh locus ( Supplementary Fig. 7a , b), in agreement with our FISH analysis ( Supplementary Fig. 5 ) and previous data 23 .
Blocking lymphocyte development in early stages can lead to persistent RAG activity, which, in the absence of p53, can provoke lymphomagenesis 23 . To investigate whether the partial developmental block in Rag2 c/c thymocytes 15 is sufficient to produce genomic instability and lymphomagenesis, we crossed core Rag1 knock-in animals, which display diminished recombination and a strong block in B-and T-cell development 14, 24 ( Supplementary Fig. 1 ), into a p53-deficient background. Rag1 c/c p53 2/2 mice survived at an average age of 18.7 weeks ( Supplementary Fig. 8a ), barely distinguishable from p53 2/2 mice. Also like p53 2/2 mice, only two-thirds of Rag1 c/c p53 2/2 mice developed thymic lymphomas ( Supplementary Fig. 8b ). 
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Furthermore, metaphase DNA FISH analyses on two Rag1 c/c p53 2/2 thymic lymphomas (8383T and 8411T) ( Supplementary Fig. 9 ) and aCGH analysis on genomic DNA from four Rag1 c/c p53 2/2 thymic lymphomas (8315T, 8333T, 8383T, 8411T) ( Supplementary Fig. 10 ) showed no evidence of recurrent translocations, genomic amplification or genomic deletion at chromosome 14 and chromosome 12. The genomic instability observed in Rag2 c/c p53 2/2 thymic lymphomas is therefore associated specifically with loss of the RAG2 C terminus, and does not result from the developmental block in core RAG2 homozygotes. We next asked whether core RAG2 promotes genomic instability in the presence of p53 by using three-dimensional interphase DNA FISH to examine the integrity of Tcra/d locus (Fig. 3c) in Rag2 c/c doublepositive thymocytes. The two alleles appeared as two pairs of signals (Tcra/d V and Tcra/d C, mapping the two ends of the locus) in most Supplementary Fig. 11 for additional experiments and statistical analysis).
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(.98%) wild-type and p53 2/2 double-positive thymocytes ( Fig. 3d and Supplementary Fig. 11 ), indicating that p53 deficiency alone does not disrupt the integrity of the Tcra/d locus, as expected 25 . In contrast, Rag2 c/c double-positive thymocytes displayed a three-to fivefold increase in the number of cells showing loss of at least one signal (Fig. 3c, d and Supplementary Fig. 11 ). These results suggest that core RAG2 promotes genomic instability at the Tcra/d locus, a phenotype similar to that previously reported in Atm 2/2 and 53bp1 2/2 animals 9, 25 .
We noted that both Rag2 c/c p53 2/2 and Atm 2/2 mice feature RAGdependent genomic instability at the Tcra/d and Igh loci, with development of pro-T cell lymphomas bearing clonal translocations, including 12/14 translocations 2,3,7-11 . To determine whether Atm 2/2 thymic lymphomas also harbour amplification close to the Tcra/d locus, we performed DNA FISH analysis for Tcra/d and chromosome 14 on metaphases from one Atm 2/2 thymic lymphoma (10375T) (Supplementary Fig. 12a ). Both chromosomes 14 showed translocations with breakpoints within the Tcra/d locus, and amplification of the Tcra/d V region on one allele ( Supplementary Fig. 12a ), results that were confirmed by aCGH analysis (Supplementary Fig. 12b ). We also observed loss of DNA at a distal region of chromosome 12, near the Igh locus ( Supplementary Fig. 12b) , as in Rag2 c/c p53 2/2 lymphomas ( Fig. 3 a, b and Supplementary Fig. 6 ). These data agree with recent analysis of thymic lymphomas from ATM-deficient mice 7 . Thymic lymphomas that arise in other mutant backgrounds such as p53, core RAG1/p53 ( Supplementary Figs 8-10 ), Eb/p53 or H2AX/p53 lack recurrent amplifications of chromosome 14 regions and/or recurrent chromosome 12/14 translocations, and thus appear to arise from distinct mechanisms.
Our data reveal a novel in vivo function for the RAG2 C terminus in promoting genomic stability. How does core RAG2 allow genomic instability? We hypothesized that core RAG2, like the absence of ATM 3 , destabilizes the post-cleavage complex. To investigate this, we generated RAG-signal end complexes by in vitro cleavage and challenged them at increasing temperatures, followed by gel electrophoresis ( Fig. 4) . Complexes containing full-length RAG2 did not release 50% of signal ends until 55 uC (Fig. 4b, c) , as expected 13, 26 . In contrast, core RAG2-containing complexes displayed statistically significant instability at lower temperatures, with 50% end release at 37 uC (Fig. 4b, c) . To examine the post-cleavage complex in vivo, we analysed inversional recombination, which requires coordination of all four DNA ends. Decreased inversional recombination and increased formation of hybrid joints (generated by joining of a coding end to a signal end, in this case revealing defects in formation of four-ended inversion products) has been reported in ATM-and MRE11 complexdeficient cells 3, 27, 28 . As expected 3, 28 , we observed increased hybrid joint formation at the Igk locus (Vk6-23 to Jk1) in Atm 2/2 and Nbs DB/DB splenocytes ( Supplementary Fig. 13 ). Importantly, we observed increased Vk6-23-to-Jk1 hybrid joints in Rag2 c/c splenocytes, compared with their wild-type and Rag2 c/1 counterparts (Supplementary Fig. 13 ). These results are supported by the observation that Rag2 c/c lymphocytes exhibit defects in inversional recombination 15 . Together, these data support our hypothesis that core RAG2 impairs the stability of the RAG post-cleavage complex in vitro and in vivo.
Our data support a common model for genomic instability in Rag2 c/c p53 2/2 and Atm 2/2 mice: premature release of RAG-generated double-strand breaks from the RAG post-cleavage complex allows ends to escape the normal joining mechanisms, to persist and to be potentially joined by alternative non-homologous end joining, a pathway permissive for chromosome translocations and amplification 4, 29 . Both end release and end persistence are promoted by ATM deficiency 2,3 , probably because ATM both stabilizes the RAG post-cleavage complex 3 and activates p53-dependent checkpoints/apoptosis. In Rag2 c/c p53 2/2 mice, end persistence might be augmented by ongoing RAG activity through the cell cycle resulting from impaired degradation of core RAG2, which lacks the cell-cycle-regulated degradation motif 18, 30 .
The complete penetrance, rapid development of lymphoma and extraordinary degree of RAG-mediated genomic instability make Rag2 c/c p53 2/2 mice an attractive model for investigating the spectrum of somatic genome rearrangements underlying lymphomagenesis.
METHODS SUMMARY
Mice. Mice were bred in the New York University Specific Pathogen Free facility; animal care was approved by the NYU SoM Animal Care and Use Committee (protocol number 090308-2). Analysis of tumour cells. Lymphoid tumours were analysed by flow cytometry with antibodies against surface B-and T-cell markers. Metaphases were prepared and analysed as described in Methods. Numbers above each lane indicate the temperatures (in degrees Celsius) the reactions were heated to before electrophoresis. CE, coding ends; SC, single cleavages; PK, samples treated with proteinase K and SDS. c, Quantification of signal end release, measured as the combined amount of signal ends divided by the signal from the total amount of DNA in the lane, from six experiments using two different protein preparations (*P , 0.05, Student's t-test).
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thymocytes isolated by cell sorting according to protocols described in Methods. Images were obtained by confocal microscopy on a Leica SP5 AOBS system, with optical sections separated by 0.3 mm. Images were analysed using Image J software. Metaphase spreads were imaged by fluorescent microscopy on a Zeiss Imager Z2 Metasystems METAFER 3.8 system and analysed using ISIS software. Statistical analysis of image parameters used a two-tailed Fisher's exact test. Biochemical end-release assay. The stability of RAG-signal end complexes was measured as described in Methods. Briefly, RAG cleavage reactions were divided into aliquots in microfuge tubes and incubated at the indicated temperatures for 30 min, followed by polyacrylamide gel electrophoresis. DNA was stained using SYBR Safe DNA Gel Stain (Invitrogen) and quantified with Quantity One software (Biorad). Student's t-test assuming equal variance was used to calculate statistical significance. aCGH analysis. For CGH, genomic DNA from mouse thymic lymphomas was profiled against matched thymic DNA from wild-type mice. aCGH experiments were performed on two-colour Agilent 244A Mouse Genome Microarrays. Data analysis was performed as described in Methods.
